The development of flexible electronic systems has been extensively researched in recent years, with the goal of expanding the potential scope and market of modern electronic devices in the areas of computation, communications, displays, sensing and energy. Uniquely, the use of soft polymeric substrates enables the incorporation of advanced features beyond mechanical bendability and stretchability. In this paper, we describe several functionalities which can be achieved using engineered nanostructured materials. In particular, reversible binding, self-cleaning, antireflective and shape-reconfigurable properties are introduced for the realization of multifunctional, flexible electronic devices. Examples of flexible systems capable of spatial mapping and/or responding to external stimuli are also presented as a new class of user-interactive devices.
Introduction
Over the past several decades, the continuous growth of the microelectronics industry has relied on silicon-based devices. The requirements for faster, cheaper and more energy-efficient electronics have fueled the continued progress of silicon integrated circuits [1] [2] [3] [4] . Besides efforts to improve the performance of computer chips which are based on hard and brittle substrates, there have been tremendous efforts to develop electronic devices based on mechanically flexible substrates [5] [6] [7] [8] [9] . Flexible electronics, which can be bent, rolled and stretched into arbitrary shapes, would significantly expand the applications of modern electronic devices in the areas of computation, communications, displays, sensing, and energy harvesting and storage.
The progress of flexible electronics has been driven primarily by the requirement of cheaper, large-area electronic devices that can be integrated on flexible substrates through low-temperature deposition or solution-based printing methods [6, 10] . Although many promising results have been reported with organic semiconductors, the performance and lifetime of such devices suffer from low carrier mobility and poor chemical stability, which hinders their use for most electronic applications [11] [12] [13] . On the other hand, inorganic semiconductors provide superior carrier mobility and chemical stability [14] . However, the great challenge lies in integrating brittle inorganic semiconductors on flexible substrates while preserving the structural and electrical properties. Recent progress in inorganic nanomaterials process technology has largely addressed this challenge. For example, single-crystalline inorganic nanowires can be integrated on flexible substrates through printing or solution-based assembly methods [15] . In another example, transfer methods of micro-and nanometer thick inorganic thin films onto a wide range of substrates including silicon, glass and plastic have been demonstrated [5, [7] [8] [9] . Because the size of integrated semiconductors is on the scale of micro-to nanometers, the bending of flexible devices does not affect the mechanical stability of inorganic semiconductors.
While mechanical flexibility in electronic devices would enable new applications previously incompatible with conventionally integrated circuits, multifunctional properties are required for diverse and new applications. For example, one could imagine a mobile device which could not only bend and stretch into an arbitrary shape, but also attach to any surface, utilize an antireflective surface for efficient solar panels and displays, exhibit superhydrophobicity and self-cleaning capability, while being responsive to external stimuli. In this paper, we review the recent developments of multifunctional electronic devices. In particular, stretchable, attachable, self-cleaning, antireflective and reconfigurable functions will be introduced as potential capabilities for flexible devices (figure 1). Here, we primarily focus on the use of one-dimensional nanomaterials (e.g. nanotubes and nanowires) which offer excellent mechanical, electrical and optical properties, and can be readily grown on a wide range of substrates with tailored chemical composition.
Mechanically flexible devices
Flexible electronics with the capabilities of bending around curved surfaces have potential applications in rollable photovoltaics for easy installation [16] [17] [18] , displays [19, 20] , lighting [21] , radio-frequency identification (RFID) tags [22] , sensors [23] and electronic skins for robotics and prosthetics [24, 25] . The revolution of flexible electronics started with the development of organic electronic devices which possess the great advantages of low-temperature and large-area processing, and mechanical flexibility [26] . However, even with these attractive properties, the poor performance and reliability of organic electronics have shifted the research focus to inorganic semiconductors. Dramatic progress has been made in integrating inorganic nanowires (NWs) on flexible substrates through solutionflow-assisted assembly [27, 28] , Langmuir-Blodgett [29, 30] and transfer printing of nanoribbons, nanowires and membranes [5, [31] [32] [33] . In particular, transfer printing methods have enabled the transfer of single-crystalline semiconductor nanostructures (X) on arbitrary substrates (Y) including rubber, plastic, metal-foil, glass and Si substrates. This X-on-Y (XoY) scheme is applicable to a wide range of material systems and device applications [34] .
As an example system, figure 2(a) shows a flexible electronic skin (e-skin) device based on NW active-matrix circuitry consisting of 19 pixels × 18 pixels [24] . shows an optical image of a pixel where a Ge/Si NW-array field-effect transistor (FET) integrated with a commercially available pressure-sensitive rubber (PSR) is used as a pressure sensor. Here the source electrode of the FET at each pixel is connected to ground through the PSR. of pressure with a character 'C' is successfully demonstrated as shown in figure 2(f). This result demonstrates that a macroscale and low-power pressure-sensitive e-skin could be achieved by the unique NW contact printing process. Furthermore, mechanical robustness is achieved by the use of NWs which are covered by polymeric layers on both sides. As can be seen in figures 2(g) and (h), the conductance of the devices do not degrade under large bending and repeated bending cycles up to 2000 times. This mechanical robustness is due to the minimal strain encountered by the NW devices on a PI substrate with a top parylene encapsulation layer, as evident from the mechanical simulations (figure 2(i)).
Stretchable devices
In addition to bending or twisting, stretchability is required for certain applications where devices must conformably cover 3D objects [35, 36] . There have been several reports covering stretchable electronics based on organic or inorganic semiconductors [7] [8] [9] [37] [38] [39] [40] [41] . Challenges include the delamination and/or mechanical fracture of the electronic components, including the semiconductor, metal and dielectric layers. To address this issue, several designs of stretch-tolerant structures have been suggested. One approach is to utilize a 'wavy' layout, where micro/nanoinorganic semiconductors are printed on a pre-strained PDMS substrate [8, 9] . Relaxing the substrate spontaneously leads to the formation of wavy structures due to nonlinear buckling phenomena. This enables high mechanical stretchability of the substrate without fracturing the semiconductor layer. Another approach involves the use of engineered substrates with open mesh geometry [7] .
An example of the stretch-tolerant structures is highlighted in figure 3(a) , which utilizes single-walled carbon nanotube (SWNT) thin film transistors (TFTs) at the bridge intersects of a hexagonal mesh substrate. The resulting substrate is a mechanically stretchable active-matrix backplane [42] . Here semiconductor-enriched SWNT networks are uniformly assembled on a PI substrate and used as the active channel material as shown in an atomic force microscope (AFM) image in figure 3(b) . While the original unpatterned PI film is stiff and non-stretchable, the laser cut of the PI film into a honeycomb mesh structure enables the unidirectional stretching of the substrate ( figure 3(b) ). The SWNT TFTs are placed at selective sites on the patterned PI substrate corresponding to the regions with minimal induced strain. The SWNT active-matrix backplane can intimately cover curved surfaces, such as a baseball shown in figure 3(c) . The use of highly semiconductor-enriched SWNTs (over 99%) enables the fabrication of TFTs with superb electrical properties (mobility of ∼20 cm 2 V −1 s −1 and I ON /I OFF of ∼10 4 ) as depicted in figure 3(d) . More noteworthy is the uniformity of TFT performances across an entire 4 inch wafer. The standard deviations of transconductance (g m ), mobility (µ), log(I ON /I OFF ) and threshold voltage (V t ) are ∼11%, 17%, 11% and 3%, respectively. These represent a small variation of key device parameters, especially given that the TFT arrays are fabricated in an academic research laboratory, with most processing steps performed in a non-cleanroom environment. The mechanical stability of SWNT TFT arrays on a honeycomb structured PI substrate is also studied. The device functions without noticeable electrical degradation even when stretched up to ∼3 mm displacement, corresponding to ∼11.5% of stretchability ( figure 3(e) ), or when mechanically bent to a 2 mm radius of curvature ( figure 3(f) ). The concept of integrated electronics on stretch-tolerant honeycomb structures, shown in the above example, can be expanded in the future to enable multifunctional artificial e-skin by adding various active electronic and sensor device components. In addition, by tuning the laser cut pattern, further optimization of the mechanical properties of the substrate can be achieved.
Attachable devices
The ability to reversibly attach devices to arbitrary surfaces may provide yet another important functionality for flexible electronics. Traditional connectors rely on electrostatic, magnetic or mechanical forces to bind substrates. Most techniques used at the macroscale, such as zippers, Velcro or buttons, however, are not effective when their size scales are miniaturized to the dimensions required for practical use with thin flexible substrates. On the other hand, conventional adhesives, such as glue and tape, which can be made into thin layers, are not surface-selective and/or reversible. Synthetic gecko adhesives utilize van der Waals (vdW) interactions to achieve reversible binding to most planar surfaces [43] [44] [45] [46] [47] . They present a platform for attachable electronics: however, they lack specificity which may be needed for certain applications where binding to only selective areas is desired. Recently, we have demonstrated a new class of chemical connectors based on inorganic/organic core/shell NW arrays that utilize vdW interactions to enable self-selective and reversible binding [48] . As compared to synthetic gecko adhesives, NW connectors are designed to be mechanically stiff, therefore providing weak adhesion forces to planar surfaces. A strong shear adhesion is obtained only when they are engaged with self-similar, nanofibrillar surfaces [48] . In addition, the connectors can be made electrically active by coating a conducting metal layer on the outer surface of NWs to enable both physical and electrical connections simultaneously [49] . Figures 4(a) and (b) demonstrate the structural schematic and a representative SEM image of an electrical connector based on Ge/parylene/Ag core-multishell NW arrays [49] . In this hybrid NW system, Ge NWs are used as templates for the subsequent deposition of multiple shells and provide the needed mechanical stiffness for selective binding; a parylene shell is used to enhance the surface compliance and therefore the adhesion force; and an Ag outer shell is used for enabling electrical conductivity. An example application is shown in figure 4(c) , where a light-emitting diode (LED) array is electrically and physically connected to a wall-mounted battery pack by using a pair of NW connectors. The two key advantages of utilizing connectors and adhesives based on van der Waals interactions are (i) the ability to arbitrarily shrink down the size of the binding sites and (ii) the ability to maintain adhesion strength after multiple attachment and detachment cycles.
Self-cleaning devices
The introduction of self-cleaning surfaces on electronic devices paves the way for waterproof and dust-free electronics. For example, self-cleaning surfaces in solar panels can increase light conversion efficiency via reducing dust build-up which blocks sunlight [50] . Self-cleaning surfaces with minimal fingerprint residue are highly desirable for flexible touch pads. The inspiration for synthetic selfcleaning surfaces is found in biological systems. For example, the hierarchical micro-and nanostructured bumps on a lotus leaf provide both high water contact angle and low contact angle hysteresis, resulting in extremely water-repellent or superhydrophobic surfaces, where any dust on the surface can be easily cleaned off by the rolling raindrops [51, 52] . There have been numerous reports [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] covering the fundamental principles and fabrication technologies of artificial superhydrophobic surfaces. Most approaches rely on the micro-and nanoscale texturing of the surface, followed by the surface modification with low surface energy, hydrophobic chemical species such as poly(tetrafluoroethylene) (PTFE), octadecyltrichlorosilane (OTS), polystyrene and polycarbonate. Several challenges, including low cost fabrication processing techniques for large-area coverage, need to be addressed. In this regard, quasi-vertical NWs grown by CVD and/or solution-based process techniques provide a promising platform for scalable, self-cleaning surfaces [66] .
As an example, self-cleaning surface characteristics of parylene/Ge NW arrays, similar to those used for the connectors, are depicted in figures 5(a)-(c) . This behavior arises from the hydrophobic parylene shell combined with the nanoscale fibrillar structure of NWs. The superhydrophobic behavior can be further enhanced by using hierarchical micro/nanostructures [67, 68] . For instance, figures 5(d) and (e) show the hierarchical fibrillar arrays based on polycarbonate (PC) microscale pillars (µPLs; diameter 1.5 µm, length 10 µm, pitch 6 µm) decorated on the surface with ZnO NWs (diameter 20-30 nm, length 1.5 µm). To increase the hydrophobicity, 10 nm thick parylene-N was covered over the ZnO/PC surface. Here, the structures are fabricated by thermal micromolding of a PC polymer film on a silicon mold followed by solution-based synthesis of ZnO NWs. Since the process steps are performed at relatively low temperatures, the process scheme is compatible with most plastic substrates. As a result, mechanically flexible, superhydrophobic hierarchical surfaces can be readily obtained over large areas (figures 5(f) and (g)) for applications in flexible electronic systems with self-cleaning surfaces.
Antireflective devices
Antireflective surfaces have attracted much attention in modern optoelectronics for applications in displays, photovoltaics and photodetectors. For example, antireflective displays offer low reflection without affecting the screen contrast [69] [70] [71] . Antireflective surfaces in solar panels minimize light reflection and thus maximize the harvesting of solar energy [50, [72] [73] [74] . Photodetectors with antireflective layers enhance the photon sensitivity [75, 76] . Antireflective surfaces are fabricated by the deposition of multilayered thin films or the formation of tapered three-dimensional (3D) nanostructures on the target substrates [77] . Multilayer thin film approaches have limitations in broadband and wide-angle omnidirectional antireflection applications [74, 78] . In addition, the deposition of multilayer thin films with finely tuned refractive index, and the thermal stability of heterogeneous multilayer films on target substrates with different thermal expansion coefficients, present challenges for a wide range of optical wavelengths [79, 80] .
The tapered three-dimensional (3D) nanostructures inspired by biological antireflective systems such as the moth's eye provide true broadband and omnidirectional antireflective surfaces [81] [82] [83] . This property arises from the gradual reduction of the effective refractive index of the tapered nanostructures from the bottom to the top surface. This property decreases the Fresnel reflection observed on planar surfaces where the large mismatch of refractive index between air and the planar material is ascribed to the large light reflection [84] . Figure 6 (a) shows an SEM image of quasi-vertical Ge nanoneedles synthesized by Ni-catalyzed chemical vapor deposition [85] . The transmission electron microscope (TEM) image of a Ge nanoneedle depicts the sharp tip (∼4 nm in diameter) with gradual increase of diameter towards the base. Importantly, Ge nanoneedle arrays can be directly grown on flexible substrates (e.g. polyimide and high-temperature rubber) because of the low growth temperatures (∼270 • C) required for nanoneedles as shown in figure 6(b) . The optical reflectance spectra of Ge materials with different morphologies including thin film (TFs), NW and nanoneedle arrays are shown in figure 6(c) . The reflectance decreases from 80-90% for TFs, to 2-10% for NWs and to <1% for nanoneedle arrays. Notably, the Ge nanoneedle samples exhibit a visually black appearance due to the low reflectance. The same concept can be applied to optically transparent NWs and nanoneedles for optically transparent and antireflective surfaces.
Stimuli-responsive devices
Structures that reversibly change their shape, color and/or other physical and chemical properties in response to external stimuli represent an interesting class of programmable materials [86, 87] . Here, the stimuli could range from mechanical stress, light, heat, electric and magnetic fields, moisture or pH. Stimuli-responsive materials are receiving increased attention for applications in microrobotics, artificial muscles, smart actuator systems and chromic windows with tunable transparency [88] [89] [90] . Incorporating stimuliresponsive properties in flexible electronic systems could further enhance the enabled applications and functionalities. For example, chromic materials with the ability to change color or optical transparency in response to electric fields, heat or light may enable advanced flexible displays [91, 92] . In another example, recent reports have demonstrated that responsive composite layers with different mechanical moduli can be self-configured into 3D structures [93] . Such results pave the way for the development of shape-reconfigurable devices in response to external stimuli.
In order to reversibly shape a substrate into a user-defined structure, stimuli-responsive actuators and adhesive systems are required to fold hinges and connect surfaces. Figure 7 shows an example of a thermo-responsive connector [94] . The connectors are based on the use of thermo-responsive poly(N-isopropylacrylamine) (pNIPAM) coatings on quasivertical NW arrays. pNIPAM is a hydrogel polymer which swells or shrinks in response to changes in temperature at the lower critical solution temperature (LCST, ∼32 • C in water) [95, 96] . Below the LCST, pNIPAM swells by absorbing water, and above the LCST, pNIPAM shrinks by expelling water. The thermo-responsive NW connectors with Ge/parylene/pNIPAM core/multishell structures are fabricated by photopolymerization of the pNIPAM shell on the NW arrays ( figures 7(a)-(c) ). Figure 7(d) shows the change in the shear adhesion strengths of a NW connector in water as a function of temperature. When the temperature is below the LCST, the NW connector shows minimal shear adhesion strength. However, the shear adhesion strength is significantly enhanced when the water temperature is above the LCST. More importantly, these thermo-responsive adhesion properties are fully reversible. Figure 7 (e) shows the reversible switching of adhesion strength of NW connectors by alternately immersing NW connectors between high-and low-temperature water baths. The reversible change of adhesion strength is about 170× in response to a 5 • C change of water temperature. Although this work is based on the responsive surfaces on silicon substrates, this concept provides the opportunity for further explorations on flexible substrates with a wide range of stimuli-responsive materials that respond to light, electric field or environmental changes.
pNIPAM hydrogels can also be engineered for use as thermo-responsive actuators, thereby enabling the fabrication of shape-reconfigurable structures which can change shape in response to thermal stimuli. Figure 8 shows an example of shape-reconfigurable structures which mimic the closing or blossoming of a box as controlled by changes in water temperature [97] . Here, composite patches of pNIPAM hydrogels and carbon nanotubes (CNTs) are used as actuator hinges for the mechanical motion of low-density polyethylene (LDPE) films. The addition of CNTs to the pNIPAM hydrogels provides a more rapid response of the actuators by ∼5× as compared to samples without CNTs. The reversible stimuli-responsive actuators present a framework for further investigation of self-reconfigurable and user-interactive systems that can respond to a wide range of external stimuli.
Conclusion and outlook
In this paper, we described the use of nanostructured materials to introduce multiple novel functionalities in flexible electronic systems. Besides the use as the active channel material for electronics and sensors, CNT and NW arrays can be configured to enable reversible connectivity, self-cleaning and antireflective surface properties. The work discussed in this paper sets the stage for the development of user-interactive flexible systems with advanced functionalities that detect and respond to stimuli, for instance through shape reconfiguration. There are tremendous research opportunities in the area of flexible electronics, ranging from large-scale materials development and synthesis, device processing and system integration, all of which are necessary to enable the example systems described in this paper.
